Juvenile hyaline fibromatosis (JHF) and infantile systemic hyalinosis (ISH) are autosomal recessive conditions characterized by multiple subcutaneous skin nodules, gingival hypertrophy, joint contractures, and hyaline deposition. We previously mapped the gene for JHF to chromosome 4q21. We now report the identification of 15 different mutations in the gene encoding capillary morphogenesis protein 2 (CMG2) in 17 families with JHF or ISH. CMG2 is a transmembrane protein that is induced during capillary morphogenesis and that binds laminin and collagen IV via a von Willebrand factor type A (vWA) domain. Of interest, CMG2 also functions as a cellular receptor for anthrax toxin. Preliminary genotype-phenotype analyses suggest that abrogation of binding by the vWA domain results in severe disease typical of ISH, whereas in-frame mutations affecting a novel, highly conserved cytoplasmic domain result in a milder phenotype. These data (1) demonstrate that JHF and ISH are allelic conditions and (2) implicate perturbation of basement-membrane matrix assembly as the cause of the characteristic perivascular hyaline deposition seen in these conditions.
Introduction
Juvenile hyaline fibromatosis (JHF [MIM 228600]) is an autosomal recessive condition that usually presents with nodular/papular skin lesions and gingival hypertrophy during the first few years of life. The skin lesions typically occur on the hands, scalp, and ears and around the nose and require recurrent excision. Progressive joint contractures and osteopenia are characteristic and may result in severe limitation of mobility. The diagnosis is confirmed by demonstration of hyaline deposition in the dermis (Keser et al. 1999; Mancini et al. 1999; Allen 2001; Rahman et al. 2002) . The origin and nature of the amorphous hyaline material have been unclear, but it appears to be principally composed of glycoproteins and glycosaminoglycans (Ishikawa et al. 1979; Mayer-da-Silva et al. 1988) .
Infantile systemic hyalinosis (ISH [MIM 236490] ) is an autosomal recessive condition that shares many similarities with JHF. Clinical presentation is usually at birth or within the first few months, with painful, swollen joint contractures and livid red hyperpigmentation over bony prominences. Pearly papules (predominantly of the face, scalp, and neck) and fleshy nodules (particularly in the perianal region) then develop. Gingival hypertrophy and thickened skin are also characteristic features. Osteopenia is often present and results in increased susceptibility to bone fractures. Affected children are susceptible to infections and/or intractable diarrhea due to protein-losing enteropathy, and many die in infancy from resulting multisystem failure. Children with ISH are intellectually normal; if they survive infancy, they become less susceptible to infection, and their joints may become less painful. However, their mobility remains severely restricted by joint contractures. Histologically, ISH is also characterized by hyaline deposition, but this is more widespread than in JHF and can affect many tissues, including skin, skeletal muscle, cardiac muscle, gastrointestinal tract, lymph nodes, spleen, thyroid, and adrenal glands (Landing et al. 1986; Glover et al. 1991 Glover et al. , 1992 Sahn et al. 1994; Stucki et al. 2001) .
The underlying pathogenesis of JHF and ISH was previously unknown. In the past, these conditions have been postulated to be lysosomal storage disorders (Nezelof et al. 1978) , disorders of abnormal collagen metabolism (Kayashima et al. 1994; Lubec et al. 1995; Breier et al. 1997) , or the result of defective glycosaminoglycan formation (Kitano et al. 1972; Iwata et al. 1980; Remberger et al. 1985; Breier et al. 1997) . However, no consistent biochemical abnormalities in support of any of these hypotheses are reliably present (Stucki et al. 2001) .
We previously mapped the gene that causes JHF to a 7-cM interval on chromosome 4q21 in five families (Rahman et al. 2002) . We hypothesized that ISH is due to the same gene as is JHF, and we ascertained and analyzed 11 families with ISH for linkage to chromosome 4q21. These analyses confirmed that JHF and ISH are allelic and refined the gene interval to 0.85 Mb. Mutation analysis of genes within the minimal interval revealed that deleterious mutations in the gene encoding capillary morphogenesis protein 2 (CMG2) were the cause of both conditions.
Subjects and Methods

Subjects
Approval for the study was obtained from the London Multicentre Research Ethics Committee, and informed consent was given by all families. In total, 8 families (A-H) with a clinical diagnosis of JHF and 10 families (I-R) with a diagnosis of ISH were ascertained. Cases of JHF were characterized by (1) diagnosis after birth, typically after 18 mo, (2) joint contractures, (3) nodular and/or papular skin lesions, (4) gingival hypertrophy, and (5) histological evidence of hyaline deposition in the dermis. Cases of ISH were characterized by (1) onset at birth or in the first few months of life, (2) joint contractures, (3) painful diffusely thickened skin, often with hyperpigmentation over joints, (4) papular and/or nodular skin lesions, (5) gingival hypertrophy, (6) visceral involvement, and (7) histological evidence of hyaline deposition. Clinical and histological details from several of these families have been published previously: families A, B, and E (Rahman et al. 2002) ; family C (Keser et al. 1999) ; families D and F (Mancini et al. 1999) ; family G (Balci et al. 2002) ; family H (Richter et al. 1999) ; family L (Stucki et al. 2001) ; and family Q (Glover et al. 1992 ).
Control samples were obtained from Human Random Control DNA panels from the European Collection of Cell Cultures.
Microsatellite Analysis
DNA was extracted from peripheral blood samples, using standard procedures. We identified known chromosome 4q21 markers, using the Marshfield Clinic database (see the Center for Medical Genetics Web site) and the University of California-Santa Cruz (UCSC) Human Genome Project Working Draft sequence (see the UCSC Genome Bioinformatics Web site). We generated new markers by searching the 7-cM interval encompassing the JHF gene for dinucleotide, trinucleotide, and tetranucleotide repeat elements, and we designed amplifying primers, using Primer3 software (table A [available online only]). We identified 20 novel microsatellite markers that we called "SH-REPs" (systemic hyalinosis repeats). The order and physical positions of the known and newly generated markers analyzed are shown in figure 1. The microsatellite markers were radiolabeled and PCR amplified in the families with JHF and ISH, and the resulting PCR products were electrophoresed through 6% denaturing polyacrylamide gels before exposure to x-ray film.
Mutation Analysis
Amplifying primers flanking the exons and the intron-exon boundaries of the 17 CMG2 exons were designed using Primer3 software. The primer sequences and sizes are shown in table 1. Using a Touchdown 68ЊC-50ЊC protocol, we amplified all products apart from exon 8, for which the PCR was performed at a single annealing temperature, of 55ЊC. We used conformation-sensitive gel electrophoresis (CSGE) (Ganguly et al. 1993 ) to mutationally screen CMG2 in the 18 families. Genomic DNA from cases showing mobility shifts on CSGE was bidirectionally sequenced using the BigDyeTerminator Cycle Sequencing Kit and a 3100 automated sequencer (ABI Perkin Elmer). The mutations were numbered from the first ATG (methionine) of the full-length CMG2 (GenBank accession number AK091721), with A as nucleotide 1. For evaluation of the likely pathogenicity of missense and in-frame alterations, we screened 300 control subjects from the United Kingdom. Owing to the wide diversity of ethnic groups included in the study, it was not feasible to obtain sufficient numbers of ethnically matched control subjects for individual mutations. To confirm the CMG2 cDNA sequence and the pathogenicity of splice-site mutations in families A and C, cDNA was synthesized from RNA extracted from fibroblast cell lines, using standard procedures. CMG2 cDNA was sequenced in two fragments, using over- lapping primer pairs: CMG2-1F (5 -ACAGCAACTT-GCGGAGAGAT-3 ) and CMG2-1R (5 -TGCAGAGA-ACACTGCCATTC-3 ); and CMG2-2F (5 -GTGGGG-GAGGAATTTCAGAT-3 ) and CMG2-2R (5 -CCTC-AACAAAGCCCAGAGAG-3 ).
Expression Analysis
RT-PCR analysis was performed in duplicate on normalized multiple-tissue cDNA panels 1 and 2 (Clontech), using primers 5 -ACAGCAACTTGCG-GAGAGAT-3 and 5 -AAGCAAAGCAGAAGGCA-GAG-3 , which amplify exons 2-17 of CMG2. The recommended Titanium Taq DNA polymerase was used with a Touchdown protocol 68ЊC-50ЊC for 18 cycles, followed by 14 cycles with annealing at 50ЊC. Five microliters of product was analyzed by agarose gel electrophoresis with fX-174 HaeIII digest size marker.
Bioinformatic Analyses
CMG2 cDNAs were identified from GenBank and Ensembl and were aligned against each other, using ClustalW, and against genomic sequence, using BLAT (see the Human BLAT Search Web site). The related human protein, tumor endothelium marker 8 (TEM8), and orthologous proteins in rat, mouse, and fugu were identified using BLAST. The novel cytoplasmic domains from pig, cow, and zebrafish were 1  GCTGTGGCTGTTGGTGCT  GCTTGCCCTTTGAAAGAAGA  249  2  TTCCGTGTTTTGTTTCTCTGA  CAATACGACCTTGAGGCACTT  245  3  AGCCTGGACCATTCAGTGAG  ATTCCACTGAGAGGCCTGAA  284  4  TGTTACCTTTGCTCTTTGCTCA  TGAGCTTTGCTAGAGGGTTTT  213  5  GCTTGATGGAACATGCTGGT  AGCGATGTACAGTGGGGTGT  224  6  CTTTCTCCCTCTCCCCTCTC  AACAATCGACCAGTGTCACAA  229  7  TTGTATGTGTCAGCCACTCCTT  TAATGACCACCTGCACTGGA  225  8  TGGAGAAGACCTCAAGGTTATTA  TTCTTTTTCCAACATGAGTTTCA  249  9  CTTTCATTTCAGCTTGTGTTTTT  TGTCAGTTAGTTTTCGTTGGAGA  268  10  TCCACATTTGAACTCTGATTGA  TGACCAATGTATATGTCACCATTTT  250  11  TGTTTTCTGGCTGGTTTTGA  TTTCTGGATGGAATTGCTTTT  229  12  TTCTGAATTATTTTCTGGTGTTTCC  TGGCATTTATTCATATTTCAGACC  276  13  GCAAGCTTCAGTGAGGGACT  GCATGGTATCTGCATTTGGA  230  14  TGAGCCAGTTCCGACTAAACA  TGGCTTAATAGCCCTAGAAATACAT  229  15  GCCTGTTCCTCTAGGACACTTT  GGGGGATGTGGTACAAAAA  300  16  TCTTCGTTTTATGTCTTCATTTATTCA TCCCTGCCTCCATTATACTGAC  227  17  GGAAAACTAGATGTTCTCATGCTTT  CATTTCCCGACTGAGAGGAA  247 identified with tblastn, using the CMG2 protein sequence against the National Center for Biotechnology Information Expressed Sequence Tags Database, translated in all six frames. Those sequences showing homology in one reading frame were aligned using MultAlin and ClustalW. The Pfam, Prosite, and Conserved Domain databases were searched for sequences similar to the CMG2/TEM8 cytoplasmic domain.
Results
Homozygosity Mapping in JHF and ISH Cases to Refine the Gene Interval
We previously mapped the gene for JHF to a 7-cM interval between D4S2393 and D4S395 (Rahman et al. 2002) . To refine this interval, we developed new microsatellite markers. Analyses of these markers in the original families with JHF reduced the gene interval to a 5-Mb region between SH-REP6 and D4S1553 (data not shown). We analyzed the 18 known and newly generated markers within this interval in 12 families with JHF and ISH that were either known or suspected to be consanguineous. All analyzed families were homozygous at multiple markers within the region, consistent with linkage of both JHF and ISH to chromosome 4q21. The regions of homozygosity in families H and P refined the interval encompassing the gene to 0.85 Mb between SH-REP19 and SH-REP14 (fig. 1a) . The minimal region contained four known genes-GDEP, CMG2, PRDM8, and FGF5 ( fig. 1b) . We screened FGF5 but did not identify any likely pathogenic mutations (data not shown).
Identification of a Novel Cytoplasmic Domain in the Full-Length CMG2
CMG2 is a transmembrane protein with a von Willebrand factor type A (vWA) domain in the extracellular region. CMG2 was reported elsewhere as a 386-amino-acid protein expressed only in placenta (Bell et al. 2001) . However, alignment of CMG2 cDNAs and genomic sequence suggested that a 1.46-kb ORF that includes four extra exons (8-11) between the vWA domain and the transmembrane domain represents the full-length gene ( fig. 1c ). This transcript is predicted to encode a 488-amino-acid protein, which we confirmed by RT-PCR and cDNA sequencing ( fig. 2a) . By RT-PCR of human cDNA multiple-tissue panels, expression of the transcript was demonstrated in all tissues analyzed except brain (fig. 2b) .
The only known paralog of CMG2 is TEM8, which shows 56% overall amino acid identity (Scobie et al. 2003) . Sequence comparison of CMG2 and TEM8 revealed that the highest level of conservation (80%) occurred at residues 338-421 in the intracellular region of the protein. Within this cytoplasmic domain, we identified a novel 50-amino-acid motif (residues 367-417) that was almost identical in both human proteins and orthologs in cow, pig, chicken, mouse, rat, fugu, and zebrafish ( fig. 3) . The conserved cytoplasmic domain did not show significant similarity to any known pro- 
Identification of CMG2 Mutations in JHF and ISH Cases
Genomic DNA from 18 families was screened for CMG2 mutations by CSGE and direct sequencing. We identified 15 different mutations in 17 families (table  2 and fig. 4a ). These mutations were predicted to abrogate CMG2 function and consisted of four small insertions or deletions, four mutations that alter consensus splice-junction sequences, one nonsense mutation, one in-frame insertion of a glutamine residue, and four nonconservative missense mutations. Using RT-PCR, we confirmed the pathogenicity of two splice-site mutations: IVS13ϩ1GrA, which leads to an insertion of 4 bases after exon 13 and a translational frameshift (fig. 4b) ; and 1707GrA, a synonymous substitution that alters a consensus splice-junction base, resulting in an in-frame deletion of exon 14. The missense mutations were not present in 300 U.K. control subjects and occurred at residues conserved in both the mouse ortholog and the human paralog, TEM8 (data not shown). Moreover, these mutations were present in families in which homozygosity was present throughout the linked interval or in which a truncating mutation on the other allele was identified, indicating that CMG2 is the causative gene in these families (table 2) . We did not find a mutation in family O, but, because the case subject is homozygous at all of the chromosome 4q21 markers analyzed, it is presumed that abrogation of CMG2 function has caused ISH in this family ( fig. 1a) . Only one heterozygous mutation was identified in families E, J, and M. We assume that a second CMG2 mutation is present in these families but was not detected, either because of lack of sensitivity of the screening technique or because the deleterious alterations are not detectable by our methods-for example, genomic rearrangements or regulatory mutations. It is possible that these cases are compound heterozygotes for mutations in two separate genes, but there is currently no evidence to support genetic het-
Figure 3
Sequence alignment of 50 amino acids in cytoplasmic domain of CMG2 and TEM8 in various species, showing high conservation. Black background indicates identical residues, and gray background indicates conservative substitutions. In pig, sheep, chicken, and zebrafish, the gene that the conserved region is from is currently unknown, because the full-length gene sequence is not available. The position of the missense mutation in family D is indicated by an arrow. erogeneity in JHF or ISH, with all of the families thus far analyzed showing linkage and/or mutation evidence in support of CMG2 as the causative gene. Identical founder mutations in families A and B and families C and F were identified, consistent with the chromosome 4q21 haplotype data ( fig. 1a) . Conversely, although a cytosine insertion in a poly-C tract in exon 13 was identified in three separate families, we believe these to have arisen independently, because the families carry different chromosome 4q21 haplotypes and CMG2 polymorphisms. Moreover, two further families had different mutations involving the poly-C tract, which appears to be a mutational hotspot, presumably owing to the repetitive sequence (table 2). The mutations segregated with the disease in all families in which this could be evaluated, and all tested parents of case subjects were carriers, as expected in an autosomal recessive condition. We identified nine CMG2 sequence variants that (a) did not segregate with the disease, (b) were present in individuals with two pathogenic mutations, and/or (c) led to intronic changes, and these were assumed to be innocuous polymorphisms (table 3) .
Genotype-Phenotype Analyses
We compared the phenotypes of 14 cases in which CMG2 mutations on both alleles were identified (table 2). All cases exhibited hyaline deposition, gingival hypertrophy, and skin nodules/papules. Missense and truncating mutations in the extracellular vWA domain were associated with a severe phenotype, typically presenting at birth, characterized by death in infancy from sepsis, intractable diarrhea, and/or multiorgan failure. Case subjects with at least one insertion/deletion mutation resulting in a translational frameshift all had the infantile form of the disease. Conversely, in-frame and missense mutations in the cytoplasmic domain were associated with a milder JHF phenotype, presenting in infancy, characterized by survival to adulthood without recurrent infections, gastrointestinal disease, or failure to thrive ( fig. 1a and table  2 ). In particular, the tendoarticular manifestations, which are the predominant cause of morbidity for those who survive infancy, were extremely variable. This was exemplified by missense mutations in the vWA domain that resulted in severely limiting painful contractures (families L and R), whereas a missense mutation in the cytoplasmic domain resulted in no skeletal limitation (family D).
Discussion
CMG2 was originally identified as a gene upregulated in endothelial cells induced to undergo capillary formation in three-dimensional collagen matrices (Bell et al. 2001) . CMG2 is a type 1 transmembrane protein, and its extracellular region contains a vWA domain that shows strong binding to laminin and collagen IV, both of which are markedly induced in endothelial cell morphogenesis in a time frame coincident with CMG2 induction (Bell et al. 2001) . These data implicate CMG2 in basement-membrane matrix assembly and endothelial cell morphogenesis and suggest that the hyaline material deposited between the endothelial cells and pericytes in ISH and JHF may result from leakage of plasma components through the basement membrane to the perivascular space.
Preliminary genotype-phenotype analyses suggest that the wide phenotypic variability associated with CMG2 abrogation may be related, at least in part, to the underlying mutational spectrum. The milder JHF cases were associated with in-frame and missense mutations within the novel cytoplasmic domain. In contrast, cases in which vWA-domain binding is predicted to be impaired typically exhibited a more severe form of the disease. These 
Figure 4
Genomic structure, protein domains, and mutation analysis of CMG2. a, Genomic structure and mutations in CMG2 with the exon sizes drawn to scale and the position of functional and conserved domains indicated (TM p transmembrane). The 5 and 3 UTRs are indicated by open boxes and are not drawn to scale. Introns are also not drawn to scale. The approximate positions of identified mutations are given, with identical mutations shown above each other. Green triangle p mutation resulting in premature truncation due to either small insertion/deletion/nonsense or splice-site alterations; red triangle p in-frame alterations due to either missense base substitutions or in-frame insertion/deletion; yellow triangle p splice-site mutations in which the precise pathogenic effect has not been identified. b, Pedigree structure and mutations in selected families with JHF and ISH, showing wild-type and mutant CMG2 sequence. The splice-site mutation in family C results in insertion of 4 bases and a frameshift. data suggest that tissue-specific and/or domain-restricted differences in CMG2 function may exist. However, there is also evidence that mutation class and position are not sufficient to account for all clinical variability, since cases in families C and F that are homozygous for the same founder mutation (IVS13ϩ1GrA) that results in a translational frameshift have somewhat different clinical phenotypes. Family C consists of two living affected individuals who presented with gingival hypertrophy and dermal lesions in childhood but developed significant locomotor problems only in adolescence (Keser et al. 1999) . Family F harbors the same mutation as does family C and comprises a single case subject. This subject developed gingival hypertrophy and perianal papules at 6 mo with joint swelling and limitation developing at 9 mo; she was never able to walk but had no evidence of systemic disease typical of ISH, such as recurrent infections or gastrointestinal symptoms (Mancini et al. 1999) . Clearly, detailed clinical histories from additional cases with confirmed mutations are required, to evaluate these putative genotype-phenotype associations, before meaningful conclusions can be drawn.
The only known human gene that shows strong homology to CMG2 is TEM8. TEM8 was original- ly identified as a gene differentially expressed in tumor, as compared with normal colonic vasculature, and is thus of potential interest as a target for antiangiogenic therapies in cancer (St Croix et al. 2000) . It is currently unknown whether CMG2 is similarly differentially expressed in tumor tissues. Intriguingly, both TEM8 and CMG2 have been shown to function as anthrax toxin receptors (Bradley et al. 2001; Scobie et al. 2003) . Furthermore, in an in vitro system, a soluble version of the CMG2 vWA domain has been shown to act as a potent antitoxin, suggesting that CMG2 may prove useful in the development of anti-anthrax treatments (Scobie et al. 2003) . Our data give the first insights into the in vivo role of CMG2 and may be of relevance in understanding the role of CMG2-and, possibly, the role of TEM8-in basement-membrane matrix processing, tumor angiogenesis, and anthrax toxicity, which understanding may in turn facilitate the therapeutic exploitation of these proteins. Moreover, we have identified a novel cytoplasmic domain that is the defining sequence hallmark of this protein family. The function of this domain is unknown, but the demonstration that in-frame deletions and missense mutations restricted to the domain are pathogenic indicates an important role that merits further investigation.
In conclusion, we have demonstrated that deleterious mutations in CMG2 cause both JHF and ISH. These data provide the basis for diagnostic testing and genetic counselling for families and will lead to better understanding of the disease pathogenesis, which may in turn help reduce the high morbidity and mortality associated with these hyaline-deposition disorders.
